Abstract Developmental dyslexia is a language-based learning disability characterized by persistent difficulty in learning to read. While an understanding of genetic contributions is emerging, the ways the environment affects brain functioning in children with developmental dyslexia are poorly understood. A relationship between the home literacy environment (HLE) and neural correlates of reading has been identified in typically developing children, yet it remains unclear whether similar effects are observable in children with a genetic predisposition for dyslexia. Understanding environmental contributions is important given that we do not understand why some genetically at-risk children do not develop dyslexia. Here, we investigate for the first time the relationship between HLE and the neural correlates of phonological processing in beginning readers with (FHD+, n = 29) and without (FHD−, n = 21) a family history of developmental dyslexia. We further controlled for socioeconomic status to isolate the neurobiological mechanism by which HLE affects reading development. Group differences revealed stronger correlation of HLE with brain activation in the left inferior/middle frontal and right fusiform gyri in FHD− compared to FHD+ children, suggesting greater impact of HLE on manipulation of phonological codes and recruitment of orthographic representations in typically developing children. In contrast, activation in the right precentral gyrus showed a significantly stronger correlation with HLE in FHD+ compared to FHD− children, suggesting emerging compensatory networks in genetically at-risk children. Overall, our results suggest that genetic predisposition for dyslexia alters contributions of HLE to early reading skills before formal reading instruction, which has important implications for educational practice and intervention models.
Introduction
Early reading is an essential skill that affects the development of literacy and is supported by experiences throughout the childhood years (Adams, 1990; Ehri, 2005) . Most children begin formal reading education in kindergarten; however, by the time children reach this age, many genetic and environmental factors have already begun to shape their future reading ability (Whitehurst & Lonigan, 1998) . Developmental dyslexia (DD) provides an example of how literacy acquisition can be affected by complex genetic and environmental interactions (Ozernov-Palchik, Yu, Wang, & Gaab, 2016) . DD is a language-based learning disability that affects 5-17 % of all children (World Health Organization, 1992; Lyon, Shaywitz, & Shaywitz, 2003) . It is characterized by difficulties with speed and accuracy of word/text decoding and poor spelling and comprehension performance (Siegel, 2006) . Deficits may further include speech perception, the accurate representation and manipulation of speech sounds, problems with language memory, rapid automatized naming, or letter sound knowledge (O'Brien, Wolf, & Lovett, 2012) . Genetic contributions to reading ability have been demonstrated (Grigorenko, 2004; Galaburda, LoTurco, Ramus, Fitch, & Rosen, 2006; Kere, 2014; Galaburda, Sherman, & Rosen, 1985; Darki, Peyrard-Janvid, Matsson, Kere, & Klingberg, 2012; Swanson et al., 2015) , and familial risk studies suggest that DD is strongly heritable, occurring in up to 68 % of identical twins (DeFries & Alarcón, 1996) . However, a concordance rate of less than 100 % indicates contributions of the environment in DD. It is important to examine how these environmental factors may affect children with and without DD, given that some children who are genetically predisposed do not go on to develop dyslexia. Understanding the role that the environment may play in the neurobiological circuits of reading in children with and without family history of dyslexia will provide much-needed insight into how variables other than genetics influence emergent literacy in children.
Several environmental factors have been shown to contribute to development of early reading skills in children, including socioeconomic status (SES), home literacy environment (HLE), and characteristics of home language (Peterson & Pennington, 2015; Christopher et al., 2015) . SES is a diverse construct that encompasses factors such as education, occupation, material wealth, and prestige. In children, SES has been shown to affect several different areas of cognition, including language, executive function, and memory (Brito & Noble, 2014; Hackman & Farah, 2009; Raizada & Kishiyama, 2010) . While related to SES, the HLE that a child experiences from infancy throughout the preschool years has been suggested to be a contributor of unique variance to development of early reading skills (Hamilton, 2013; Payne, Whitehurst, & Angell, 1994) . Broadly, HLE characterizes the literacy-related interactions and resources in the home and may vary regardless of SES. While the accepted indicators of HLE are not consistent across studies, factors such as shared reading between parents and preschoolers, exposure to literacy materials, and reading instruction are often included (Payne et al., 1994; Scarborough, Dobrich, & Hager, 1991) . These components of the home environment have been shown to account for some of the effects of SES on cognitive development (Bus, Van Ijzendoorn, & Pellegrini, 1995; Frijters, Barron, & Brunello, 2000; Hamilton, 2013; Payne et al., 1994) . Indeed, a comprehensive meta-analysis by Bus et al. reported that shared reading accounts for 8 % of unique variance in child language and emergent literacy, confirming an earlier review by Scarborough and Dobrich that identified an association between joint parent-child book reading and child's reading achievement (Bus et al., 1995; Scarborough & Dobrich, 1994) . Several studies have also demonstrated the importance of HLE for child reading development when controlling for SES (Payne et al., 1994; Rodriguez & Tamis-LeMonda, 2011; Smith & Dixon, 1995) . Furthermore, early HLE mediates effects of SES on emergent literacy, decoding, and reading comprehension skills at age 6 (Hamilton, 2013) . These studies suggest that the home literacy environment a child experiences directly influences later language and literacy development independent of SES. Thus, SES and HLE are related entities but provide distinct contributions to reading acquisition. HLE's unique influence on emergent literacy provides an opportunity for targeted intervention in order to buffer less modifiable factors such as genetic predisposition for reading difficulty, as seen in DD.
Studies investigating the nature of the relationship between HLE and reading success have further observed HLE to be related to oral language, phonological sensitivity, and word decoding ability in preschoolers (Burgess, Hecht, & Lonigan, 2002) . Storybook exposure, a term used to describe informal literacy activities and defined by factors such as child exposure to literacy material, parent-child literary interactions, number of books in the home, and age when reading to the child began, predicts oral language and phonological awareness in preschool children after controlling for SES (Hamilton, 2013; Sénéchal & LeFevre, 2002) . Direct instruction of words, letters, and reading skills predicts concurrent letter knowledge and early word reading (Hamilton, 2013; Sénéchal & LeFevre, 2002) . HLE experienced before schooling begins also has a lasting impact, predicting reading skills into second grade through effects on vocabulary knowledge and printed word recognition in earlier years (Storch & Whitehurst, 2001) .
The effects of HLE in children with genetic predisposition for reading disability, however, are less clear. Correlations between storybook reading and early cognitive skills were found to be stronger in prereaders with a family history of dyslexia compared to typically developing children (Torppa et al., 2007) . Recent work has also identified positive correlations between storybook exposure and phoneme awareness in both FHD+ and FHD− children, yet this correlation was observed at age five in FHD+ children compared to age four in FHD− (Hamilton, 2013) . Similarly, the developmental shift from letter knowledge to phoneme awareness occurs 2 years later in children with a family history of DD (Pennington & Lefly, 2001) . Notably, HLE was found to be a stronger predictor of reading readiness than family risk in children genetically predisposed to develop dyslexia. In fact, family risk did not account for any variance in reading readiness once HLE and a measure of overall child health were taken into account (Dilnot, Hamilton, Maughan, & Snowling, 2016) . While HLE seems to significantly impact reading development in children with and without a predisposition for dyslexia, the neural underpinnings are not well understood. Examining the neurobiological influence of HLE in individuals with predisposition for dyslexia will lead to a better understanding of the complex genetic and environmental influences that contribute to literacy acquisition. Understanding how this unique modifiable environmental characteristic may influence neurobiological circuits involved in emergent literacy may also help explain why some children who are genetically at risk for DD never develop this learning disorder later in life.
Evidence from the literature on SES provides a precedent for examining associations between the environment and reading networks in the brain. Neuroimaging data have revealed structural brain differences in gray matter volume, gyrification, cortical thickness, and surface area associated with SES (Hair, Hanson, Pollak, & Wolfe, 2013; Hanson et al., 2013; Jednoróg et al., 2012; Lawson, Duda, Avants, Wu, & Farah, 2013; Noble et al., 2015; Noble, Houston, Kan, & Sowell, 2012) . Moreover, two fMRI studies have examined a relationship between SES and brain activation during language tasks. In school-aged children with below-average phonological skill, Noble et al. observed that SES determined the predictive ability of phonological awareness on fusiform gyrus activation during a pseudoword task (Noble, Wolmetz, Ochs, Farah, & McCandliss, 2006) . In preschool children, Raizada and colleagues identified a correlation between SES and degree of left-hemispheric specialization in the inferior frontal gyrus during a rhyming task (Raizada, Richards, Meltzoff, & Kuhl, 2008) . These differences in brain structure and function in relation to SES strongly suggest an environmental influence on brain development early in life. Furthermore, one study has examined the relationship between HLE and brain activity in preschool-aged children and identified a positive correlation between brain activity and parent-child reading in the left parietal-temporal-occipital association cortex during a story-listening task (Hutton, HorowitzKraus, Mendelsohn, DeWitt, & Holland, 2015) . The authors concluded that strong HLE is associated with greater brain activation in areas involved in mental imagery and narrative comprehension. This study provided the first evidence that parent-child reading positively affects the neural circuits underlying oral language skills. This knowledge is especially important considering the public health implications of identifying neuroanatomical pathways underlying a potentially modifiable risk factor such as HLE; however, the influence of genetic predisposition for dyslexia on these relationships remains unknown.
In this study, we investigate the relationship between HLE and neural correlates of phonological processing using functional neuroimaging techniques in beginning readers with and without a family history of DD. Phonological awareness, or the ability to manipulate the sounds of spoken language, has been identified as a key factor in the development of early reading (Adams, 1990; Lundberg, Olofsson, & Wall, 1980; Wagner et al., 1997; Lonigan, Burgess, & Anthony, 2000; Wagner, Torgesen, & Rashotte, 1994) . In addition, differences in patterns and intensity of brain activation during reading-related tasks have been observed to correspond to performance on behavioral tests of phonological processing ability (Hoff, 2003; Raschle, Zuk, & Gaab, 2012; Shaywitz et al., 2002; Temple et al., 2001; Turkeltaub, Gareau, Flowers, Zeffiro, & Eden, 2003; Simos et al., 2002) , and phonological awareness has been shown to mediate the relationship between HLE and acquisition of print-to-sound knowledge (Frijters et al., 2000) . We controlled for parent education, an aspect of SES thought to be most closely tied to cognitive experiences in the home, to isolate the effects of HLE (Hoff-Ginsberg & Tardif, 1995) . In addition, our analysis is restricted to beginning readers to identify the effect of the home environment before literacy exposure in school.
We hypothesize that children with a more enriched HLE demonstrate increased activation in reading-associated brain regions due to the documented positive relationships between HLE and behavioral measures of reading. Importantly, the relationship between HLE and brain activation should be evident when controlling for parent education, as HLE has been shown to mediate effects of SES on language and literacy development. Furthermore, we predict differences in correlation of HLE and brain activation between FHD− and FHD+ children, as the relationship between HLE and brain activation may interact with genetic predisposition for DD.
Materials and methods

Participants
Fifty native English-speaking children with (FHD+, n = 29, mean age = 67.46 months, SD = 5.19 months) and without (FHD−, n = 21, mean age = 64.95 months, SD = 3.18 months) a family history of DD were studied. All children were enrolled in a longitudinal dyslexia study. Family history status was determined by the presence of at least one first-degree family member with a clinical diagnosis of DD. To be enrolled in the FHD− group, no first-degree family members had a clinical diagnosis of DD or a family history of reading difficulties. Children with a family history of self-reported reading difficulties, but no clinical diagnosis of DD, were excluded from the study. No study participants had a comorbid diagnosis of ADHD. Participating families were invited each year for two visits, including one behavioral standardized testing session and one neuroimaging session. Imaging and behavioral data assessed in the first year, prior to formal reading instruction, were included in the present study. No participant had any history of neurological or psychological disorder, head injury, poor vision, or poor hearing. During an initial screening by telephone or email, parents were asked about their child's reading status. Only non-reading children entering kindergarten in the same year were invited to take part in the study. To further ensure status as beginning readers, the Word Identification subtest of the Woodcock Reading Mastery Test was administered to all children (Woodcock, 1987) . All children included in the present study recognized no more than ten single words. All children were tested between May and November before entering kindergarten. This study was approved by institutional review. Verbal assent and informed consent were obtained from each child and guardian, respectively.
Behavioral testing
Participants were characterized with a battery of standardized cognitive assessments examining language and prereading skills, such as expressive and receptive vocabulary (Clinical evaluation of language functions (CELF); (Semel, Wiig, & Sabers, 1980) ), phonological processing (Comprehensive test of phonological processing (CTOPP); (Wagner, Torgesen, & Rashotte, 1999) ), rapid automatized naming (RAN; (Wolf & Denckla, 2005) ), and verb agreement tense (VATT; (Van Der Lely, 2000) ). Both verbal and non-verbal IQ were also assessed using the Kaufman Brief Intelligence Test (KBIT).
Home literacy environment
Parents were asked to complete a questionnaire at the time of fMRI imaging to assess HLE (Table 1 ). The questionnaire consisted of 16 multiple-choice or fill-in questions that assessed various family variables such as parent literacy practices, exposure to storybooks, direct instruction of reading, and child interest in literacy. The questions chosen to be included in the composite HLE score were based on previous studies identifying the importance of both informal and formal aspects of HLE on reading development (Sénéchal, Lefevre, Thomas, & Daley, 1998) . Storybook exposure served as the measure for informal literacy activities and was evaluated by questions pertaining to the number of children's books at home, age of child when first read to, frequency of reading to the child, and frequency of the child looking at books. Formal activities were measured by direct instruction of writing and the alphabet. These aspects of HLE contribute to distinct aspects of language and early literacy (Sénéchal, 2006; Sénéchal & LeFevre, 2002) . In contrast, observing family literacy behaviors does not influence acquisition of early reading skills, so questions characterizing this feature of HLE were not included in the composite score (Burgess et al., 2002; Hamilton, 2013) . Questions concerning child interest in reading were also excluded due to evidence from the literature that this entity should be considered distinct from aspects of HLE such as shared reading and direct instruction (Frijters et al., 2000; Scarborough & Dobrich, 1994) . Similarly, a question about writing related to the frequency of family members teaching a child how to write was excluded due to the conceptual distinction between reading and writing skills. Parent responses to each question were scored on a Likert scale and then converted to the percent of maximum possible score (POMP; (Cohen, Cohen, Aiken, & West, 1999) ). The six items that made up the final HLE measure were subjected to a confirmatory factor analysis (CFA) model using maximumlikelihood estimation. Results indicated that the unidimensional structure was fully supported by the data with the overall Chi-square test, albeit being an index of Bexact fit^being nonsignificant [χ 2 (9) = 7,985, p = 0.536]. Furthermore, the unstandardized residuals (i.e., RMSEA) were less than 1 % and several fit indices pointed to minimal discrepancies between observed and hypothesized variance-covariance matrices (CFI = 1.00, TLI = 1.00, IFI = 1.00, GFI = 0.948). Before creating a composite HLE variable, however, it was essential to also establish the internal consistency reliability of the measure. Following limitations of commonly used estimates of reliability such as Cronbach's alpha (which assumes tau equivalence, Sijtsma, 2009) and composite reliability (which does not optimally weight items, Geldhof, Preacher, & Zyphur, 2014) , maximal reliability H was estimated (Bentler, 2007) , which represents true scale reliability using an optimally weighted composite. Results indicated the maximal reliability was equivalent to 0.833, which is excellent for congeneric measures.
The final six items that made up our composite HLE score included measures of storybook exposure and direct reading instruction (see Table 1 for more details). These aspects of HLE independently contribute to distinct aspects of language and early literacy (Sénéchal, 2006; Sénéchal & LeFevre, 2002) . Children whose parents responded to fewer than eight out of nine questions were excluded from further analysis. 
Socioeconomic status-parent education
A second questionnaire was used to characterize each subject's socioeconomic background. These questions were taken from the MacArthur Research Network sociodemographic questionnaire (http://www.macses.ucsf.edu/Default.htm). One feature of SES, parent education, was used as a covariate in this analysis to control for SES. Family income was not included because of the high proportion of missing responses. The reported level of education for each parent was assigned a value from 1 to 7 (1 = less than high school, 2 = some high school, 3 = completed high school, 4 = Associate's degree or some college, 5 = completed college, 6 = Master's or some graduate school, 7 = doctorate or equivalent). The values for each parent were then averaged, or an individual value was taken for single parents, to create a measure of parent education with a maximum score of 7.
Correlations of HLE with parent education and behavioral scores
Correlations of HLE with parent education (PE), phonological awareness (PA), and behavioral measures of prereading and language skills were performed to better understand how HLE relates to these factors. PA was quantified by averaging each child's standard scores on the CTOPP Ellison and CTOPP Blending subtests. Spearman's rank was used to assess the correlation of HLE with PE and PA, as the data were non-normally distributed. Pearson correlations were computed to assess the relationship between HLE and behavioral measures of language and prereading skills.
Data acquisition paradigm
The neuroimaging session included structural imaging acquisitions plus a total of three fMRI tasks. These tasks investigated phonological processing, rapid auditory processing, and executive function. Only one of the fMRI tasks, phonological processing, was included in the present study and is further described here. The fMRI task used in this study is identical to that described by Raschle et al. (2012) . Each child performed one experimental task (first-sound matching; FSM) and one control task (voice-matching; VM). The design of these two tasks was identical and the order of the runs was pseudorandomized across children. During the experimental run, children performed a phonological processing task that involved listening to two sequentially presented common-object words spoken in a female or male voice (Fig. 1) . Pictures of the objects were presented on the screen simultaneously. Children were asked to indicate with a button-press whether the two words started with the same first sound (e.g., bed and belt; Byes^) or not (e.g., bird and ant; Bno^). This FSM task was contrasted with a rest condition. During the rest condition, children were asked to look at a fixation cross for the duration of the block. The control or VM task also involved listening to two common-object words spoken in a female or male voice. Mirroring the experimental task, pictures that illustrated the spoken words were presented on the screen simultaneously. Participants were asked to indicate by button-press whether or not the sex of the voice matched for the two words presented. This task was also contrasted with a rest condition. Based on experience gained from a preliminary pilot study, the two tasks were presented in separate runs to avoid confusion in young prereading children (Raschle et al., 2012) . A behavioral interleaved gradient imaging design allowed for the presentation of the auditory stimuli without scanner background noise interference (Gaab, Gabrieli, & Glover, 2007a , b, 2008 Hall et al., 1999) . All images were acquired on a SIEMENS 3T Trio MR scanner using a T2*-weighted echo planar imaging (EPI) sequence with the following specifications: 32 slices; TR/TA/TE = 6000/2000/38 ms; FOV = 256 × 256 mm; matrix size = 64 × 64; flip angle 90°; slice thickness = 4 mm; in plane resolution 3 × 3 mm 2 . For each run (experiment and control), a total of seven blocks of the experimental/control condition and seven blocks of the rest condition were acquired for a total imaging time of 5.6 min. Each block contained four trials and each trial lasted 6 s. The order of trials within a block was randomized. For each run (experiment and control), the match and non-match conditions were well balanced. Each child underwent extensive preparation and training in the mock MR scanner area before the actual neuroimaging session (Raschle et al., 2012) . Instructions for each task were presented in separate short videos, which were shown in the mock MR scanner area and repeated before actual scanning. Children achieving less than 60 % accuracy on FSM or VM tasks during the scan were not included in the present analysis.
Preprocessing
Functional MRI data were preprocessed using SPM8 software (http://www.fil.ion.ucl.ac.uk/ spm/software/spm8/, Welcome Trust, London, United Kingdom), including realignment, coregistration, normalization, and spatial smoothing with an 8-mm full width at half maximum (FWHM) Gaussian kernel. Because of the age of the participants, a rigorous procedure for artifact detection was used for each child (Art-Imaging Toolbox: https://www.nitrc.org/ projects/artifact_detect/). Additionally, preprocessed images were used to create an explicit mask excluding potential artifactual time points. Movement regressors were identified using a movement threshold of 3 mm and a rotation threshold of 0.05 mm. Children were only included in the present study when more than 80 % of the images were artifact-free, which resulted in the 50 children characterized above. For each child, the general linear model (GLM) implemented in SPM8 was used to analyze the fMRI data in a block design. Contrast images for experimental > control condition (FSM > VM) were generated.
Statistical analysis
Two-tailed, two-sample t tests were used to examine differences in HLE and SES between FHD+ and FHD− children, respectively. A power analysis was conducted to ensure that neither Type-I Fig. 1 FMRI task design nor Type-II errors were committed. Results indicated that power levels were 79.1 % for a twotailed test at an alpha level of 5 % using a large effect size based on Cohen (1992) , that is, 0.80 of a standard deviation. The level of significance was set to p < 0.05. The use of a large effect size further provided confidence that no finding could potentially reflect a Type-I error.
To examine the correlation between HLE and other measures such as PE, PA, and language (CELF) measures, we used Spearman's rank correlation executed using the R system (version 3.1.0 64 bit; Ihaka & Gentleman, 1996) . Power for the correlation coefficient was estimated using Cohen's recommendations on what constitutes a small (0.10), medium (0.30), and large effect (0.50). Again, in order to have robust findings, a large effect was sought with power levels being 80 % for a two-tailed test with 29 participants. Thus, with the current sample, power levels were equal to 96.5 % for identifying significant bivariate correlations that were equal to or greater than 0.50. The present sample size of 50 participants provided power equal to 80 % to identify significant correlation coefficients that ranged between medium-to-large sizes (i.e., r = 0.40).
Power for the CFA model was tested via a Monte Carlo simulation. Thus, a one-factor sixitem model was simulated with n = 50 cases and standardized factor loadings equal to 0.50 and residual variances equal to 0.75. Using 1000 simulated samples, our results indicated that power levels ranged between 83.6 and 85.9 % to identify significant items with those factor loadings. Coverage (amount of confidence intervals containing the true value) ranged between 93.4 and 93.9 %. Evaluation of power using the Chi-square test indicated that correct rejections were observed at 6.4 % of the simulated samples compared to the tested 5 % level of significance, which again was very close to the true estimate. These simulated findings generally agree with our previous simulation study in which 50 participants were adequate for both 80 % power levels in confirmatory factor analysis, as well as the stability of estimated parameters (Sideridis, Simos, Papanicolaou, & Fletcher, 2014) .
To study the relationship between HLE, behavioral, and imaging measures, a multiple regression second-level analysis in SPM8 was performed. We specifically examined the correlation between HLE and functional activation during the phonological processing task (FSM > VM contrast) while controlling for PE, PA, and family history of dyslexia. PA was added as a covariate in order to examine the unique effects of HLE independent of PA skills. In addition, to examine the relationship between HLE and genetic predisposition, FHD+ and FHD− groups were analyzed separately for correlation between HLE and brain activity when controlling for PE and PA in SPM8. Finally, we examined which brain regions showed group differences in brain-behavioral correlation between FHD− and FHD+ children using a multiple regression module in SPM8. First, the FSM > VM contrast images from both groups, as the dependent variable, were entered into second-level analysis with the HLE composite scores and binary familial risk status (0 for FHD− group, 1 for FHD+ group) as covariates and PE and PA as nuisance variables in the multiple regression module (Eilam-Stock et al., 2014) . In addition, the interaction between HLE and familial status was included in the regression model. Post hoc analyses were conducted to check the direction of the group differences. The statistical significance threshold for whole-brain analyses was set as p < 0.001 uncorrected and a cluster size k > 10. An uncorrected threshold was employed since several studies have reported lower signal-to-noise ratios in young children, as well as differences in the shape and amplitude of the hemodynamic response function (Jacobs et al., 2008; Thomason, Burrows, Gabrieli, & Glover, 2005; Wilke, Holland, Myseros, Schmithorst, & Ball, 2003) . All reported coordinates are in MNI space. For this modeling, the magnitude of the correlation coefficients was evaluated using Cohen's conventions about the effect size of the r statistic (1992).
Results
Demographics and behavioral results
Demographics and behavioral results are listed in Table 2 . FHD+ children scored significantly lower than FHD− children in standardized assessments of RAN (objects (t (48) = 3.653; p = 0.0007) and colors (t (48) = 3.181; p = 0.0023)), core language skills (CELF core language (t (48) = 2.307; p = 0.021)), receptive language skills (CELF receptive language (t (48) = 2.174; p = 0.033)), expressive language skills (CELF expressive language (t (48) = 2.455; p = 0.014)), and language structure (CELF language structure (t 48) = 2.726; p = 0.007)); verb agreement and tense test (VATT repetition (t (48) = 3.896; p = 0.0003)). Parents of our participants came from well-educated backgrounds, with an average parent education score of 5.19 (Bachelor's degree) and a range of 3 (HS/GED) to 7 (doctorate or equivalent). There was no statistical difference between composite HLE scores of FHD+ (mean = 34.15 ± 8.86) and FHD− (mean = 36.88 ± 9.08) children in our sample (t (48) = 1.06, p = 0.296). No significant differences in parent education, socioeconomic characteristics, or home literacy measures were identified between FHD+ and FHD− children (see Tables 3 and 4 for full lists of HLE and socioeconomic characteristics).
Correlations of HLE with parent education and behavioral scores
Parent education did not correlate with HLE using Spearman's rank correlation (r = −0.05, p = 0.73). Phonological awareness and HLE also failed to show a significant correlation (r = 0.23, p = 0.12). The absence of a correlation between phonological awareness and HLE allows for more precise isolation of the relationship between HLE and brain activity during a phonological processing task, especially when controlling for PA. Lastly, a Pearson's productmoment correlation coefficient was computed to assess the relationship between HLE and expressive and receptive language. Positive correlations were identified between HLE and CELF core language (r = 0.28, p < 0.05), CELF expressive language (r = 0.32, p < 0.05), and CELF language structure (r = 0.31, p < 0.05) scores.
Correlations of HLE with fMRI activation during a phonological processing task
To identify the relationship between HLE and brain function, a multiple regression analysis was employed to examine the correlation between HLE score and fMRI activation during a phonological processing task (FSM > VM contrast). A positive correlation was identified between HLE scores and activation for the FSM > VM contrast when controlling for parent education, family history status, and phonological awareness (see Fig. 2 ) in several cortical brain regions including left inferior frontal gyrus (r = 0.55), left fusiform gyrus (r = 0.40), right fusiform gyrus (r = 0.50), and anterior right superior temporal gyrus (r = 0.58; n = 50, p < 0.001 uncorrected, k > 10; see Table 5 ).
Separate multiple regression analyses were also performed for both FHD− and FHD+ children to examine the relationship between HLE and brain activation in children with and without a genetic predisposition for dyslexia (see Fig. 3 ). For FHD− children, three clusters including the left inferior frontal gyrus (r = 0.78), right fusiform gyrus (r = 0.77), and anterior right superior temporal gyrus (r = 0.63) showed significant correlation between HLE and brain activity during a phonological processing task (n = 21; p < 0.001 uncorrected, k > 10). For FHD+ children, only the right precentral gyrus (r = 0.61) showed a significant correlation between HLE and brain activity (n = 29; p < 0.001 uncorrected, k > 10). Group differences between FHD− and FHD+ children (FHD− > FHD+) revealed significantly stronger correlations between HLE and brain activation in the left middle frontal gyrus (r FHD− = 0.70; r FHD+ = 0.39), left inferior frontal gyrus (r FHD− = 0.59; r FHD+ = 0.41), and right fusiform gyrus (r FHD− = 0.75; r FHD+ = 0.28) when comparing FHD− to FHD+ children. The opposite contrast (FHD+ > FHD−) yielded one region that demonstrated a stronger correlation between HLE and activation in the right precentral gyrus (r FHD− = 0.27; r FHD+ = 0.38, p < 0.001 uncorrected, k > 10; see Table 6 ). 
Discussion
To understand the relationship between home language/literacy environment and the neural substrates of reading, this study utilized whole-brain fMRI to examine correlations between Right columns contain the percent of parents selecting each answer choice and P significant for Mann-Whitney tests performed on the given ordinal variables (p < 0.05) right anterior superior temporal gyrus (STG). The observed relationship between HLE and functional activation cannot be explained by parent education, as we controlled for this factor in our analyses. In addition, our data showed stronger correlations of HLE with brain activation in the left IFG, left middle frontal gyrus (MFG), and right FG in FHD− compared to FHD+ children. One region, the right precentral gyrus (PG), demonstrated significantly stronger correlation in FHD+ children compared to FHD− children. This is the first neuroimaging study to identify brain regions that may be especially sensitive to differences in language/literacy exposure in beginning readers who subsequently will develop DD after controlling for parent education and the child's current level of phonological awareness. It also provides new evidence for a differential relationship between HLE and brain activation in children with and without a genetic predisposition for dyslexia. The brain regions correlated with HLE in our study are all observed within characteristic reading networks including occipito-temporal and inferior frontal regions (Schlaggar & McCandliss, 2007) . A richer HLE corresponded to increased activation in these regions during a phonological processing task, in agreement with literature that demonstrates correlations of Conventions regarding correlation coefficients were as follows: 0.10 (small), 0.30 (medium), and 0.50 (large) based on the work of Cohen (1992) E.S. effect size metric *p < 0.05 increasing brain activation with reading proficiency (Hoff, 2003; Raschle et al., 2012; Turkeltaub et al., 2003) . The brain regions identified in this study were also consistent with those identified in several functional neuroimaging studies investigating the relationship of SES with early reading skills (Noble et al., 2006; Raizada et al., 2008) . In addition, increased activation in these regions has been observed after reading intervention in children and adults with reading difficulties (Barquero, Davis, & Cutting, 2014; Hoeft et al., 2007; Richards & Berninger, 2008; Shaywitz et al., 2004; Temple et al., 2003) , which indicates the importance of these regions in learning to read and in reading remediation. A recent study by Hutton et al. observed HLE to be correlated with activation in the left parietal-temporal-occipital association cortex during a story-listening task (Hutton et al., 2015) . Notably, this is the first study to examine the relationship between HLE and the neuroanatomical circuits of emergent literacy. The present study, however, differs from that of Hutton and colleagues in experimental task and the associated reading network components, as Hutton et al. employed a passive story-listening task recruiting semantic processing skills, whereas the present study assessed brain activation during an active task of phonological processing. Semantic processing supports comprehension of the meaning of words, while phonological processing is important for the decoding of words (Horowitz-Kraus, Vannest, & Holland, 2013; Pugh et al., 2013; Lonigan et al., 2000; Adams, 1990) . Separate neuroanatomical networks of phonological and semantic processing have also been described (Binder, Desai, Graves, & Conant, 2009; Drakesmith, El-Deredy, & Welbourne, 2015; Raschle et al., 2012; Schlaggar & McCandliss, 2007; Pugh et al., 2001) . It is therefore not surprising that activation of unique brain regions was observed during these distinctive reading-related tasks. In addition, the HLE composite created in the present study included aspects of both storybook exposure and direct instruction of the alphabet, whereas a reading subscale from StimQ-P that did not include instruction was used by Hutton and colleagues (Hutton et al., 2015) . Storybook reading and direct instruction of reading are considered distinct informal and formal literacy activities, respectively (Sénéchal, 2006; Sénéchal & LeFevre, 2002) . The results of the present study and those of Hutton et al. may indicate that different brain regions are more sensitive to individual aspects of HLE. Importantly, our study provides new information on the relationship between HLE and brain activation in children genetically predisposed to develop dyslexia. Nevertheless, our findings provide additional evidence that HLE is positively associated with brain activation supporting skills crucial for the development of reading.
A positive correlation between HLE and activation in the left IFG during phonological processing is in line with previous findings that showed a correlation between increasing leftright asymmetry and SES in the IFG of 5-year-olds during a rhyming task (Raizada et al., 2008) . The left IFG is an integral region within the reading network, specifically for phonological awareness and phonological naming (Turkeltaub et al., 2003) . Beginning readers demonstrate increased activation of the left IFG (Turkeltaub et al., 2003) . The importance of engagement of this region is demonstrated in studies of children with dyslexia who often exhibit hypoactivation in left inferior frontal regions (Booth, Bebko, Burman, & Bitan, 2007; Brambati et al., 2006; Cao, Bitan, Chou, Burman, & Booth, 2006; Schulz et al., 2008) . Our data suggest that this important reading-related region is related to HLE prior to reading onset.
Our results also revealed a positive correlation between HLE and activation in bilateral FG. The left FG, often referred to as the visual word form area (VWFA), is sensitive to written words and develops in parallel with reading acquisition as children learn to quickly recognize visually presented words (McCandliss, Cohen, & Dehaene, 2003; Wimmer et al., 2010) . The right FG, symmetrical to the left FG, is activated by visual words relative to fixation and is suggested to contribute to residual reading abilities . Our study, however, implemented a task involving phonological analysis of spoken words. Activation of the VWFA in response to auditory stimuli is thought to represent top-down recruitment of orthographic representations of spoken words (Dehaene & Cohen, 2011; Dehaene et al., 2010; Desroches et al., 2010; Yoncheva, Zevin, Maurer, & McCandliss, 2010) . Importantly, children with reading difficulties demonstrate reduced activation in the VWFA during an auditory rhyme-decision task compared to typical children (Desroches et al., 2010) . Successful reading progression therefore relies on the development of connections between phonology and orthography. Noble et al. identified a SES-dependent relationship between phonological skill and engagement of the left FG in school-aged children (Noble et al., 2006) . Our study, however, examined children without formal reading instruction. The observed correlation within bilateral and not just the left FG can be interpreted as evidence of right hemisphere involvement in early reading development. This result can also be understood in the context of previous fMRI studies which have shown that left lateralization of language networks develops slowly throughout childhood and does not peak until around 20 years of age (Brown et al., 2005; Holland et al., 2001; Szaflarski, Holland, Schmithorst, & Byars, 2006) . Furthermore, our results have shown positive correlation between HLE and activation in the right anterior STG. This region has been associated with auditory sentence comprehension (Humphries, Willard, Buchsbaum, & Hickok, 2001 ) and vowel sound extraction (Obleser et al., 2006) . Therefore, HLE may further boost auditory comprehension ability in children during early reading development.
In this study, we identified a set of brain regions that showed differential correlations between HLE and brain activation in FHD− compared to FHD+ children. Notably, we observed a correlation between HLE and activity in the left IFG, left MFG, and right FG in FHD− when compared to FHD+ children. This finding cannot be accounted for by group differences in HLE. The left MFG, along with IFG, forms part of the anterior reading network. FHD+ compared to FHD− children seem to show an altered relationship between HLE and components of the typical reading network during the early-reading years, as indicated by decreased correlations between HLE and activation in brain regions involved in typical reading development. This is in line with previous research that reported a correlation of storybook exposure with phoneme awareness in 5-year-old FHD+ children that was 1 year delayed compared to typical children (Hamilton, 2013) . The authors further suggest that HLE may only contribute to phonological awareness in FHD+ children after formal reading instruction has begun in school (Hamilton, 2013) . In addition, Torppa et al. propose that in prereading children with a familial risk for DD, phonological processing may be the largest contributor to delayed letter learning, while in typical children, several factors including memory skills, rapid symbol processing/retrieval, and HLE may overshadow phonological sensitivity in letter knowledge development (Torppa, Poikkeus, Laakso, Eklund, & Lyytinen, 2006) . As our study only examined the functional relationship between HLE and phonological awareness in children before formal reading instruction, future longitudinal work should assess how early HLE affects later reading skills. When comparing the relationship between HLE and brain activation in FHD+ and FHD− children, one brain region in the right PG displayed increased correlation in FHD+ compared to FHD− children. Several studies have identified recruitment of compensatory networks within the right hemisphere that demonstrate hyperactivation in children with DD compared to controls (Hoeft et al., 2011 (Hoeft et al., , 2007 Shaywitz et al., 1998) . Increased activation in these regions (e.g., precentral gyrus and inferior frontal gyrus) further predicts reading improvement in children with DD several years later (Hoeft et al., 2011) . It is therefore possible that in some children with DD, unique brain regions involved in compensation for dysfunctional reading networks may be most sensitive to HLE or may develop as a result of experience-dependent plasticity. In this way, HLE may serve as a protective factor in reading development especially in children with FHD+. This is interesting since only about 50 % of FHD+ children will develop DD and it is unclear whether high HLE scores will mediate future reading development in FHD+ children. Future studies should examine how HLE contributes to the development of hyperactivation in compensatory reading networks and its role as a protective factor for FHD+ in general.
In this study, we observed no correlation between composite HLE score and parent education. The degree of correlation between HLE and SES has been shown to depend on the component of HLE examined. Storybook reading most strongly correlates with SES, while aspects such as direct language instruction do not (Hamilton, 2013) . The use of a composite score including both shared reading and direct instruction may have dampened the relationship between HLE and SES in this study. A more likely contributor, however, is the overall high SES background of our children. Nonetheless, our finding ensures that parent education does not confound the association between HLE and brain activation. Similarly, no correlation was observed between HLE and phonological awareness, allowing us to isolate the effects of HLE regardless of phonological skill level. We did identify a positive correlation between HLE and CELF core language, expressive language, and language structure scores. These results demonstrate a link between higher HLE and enhanced early language skills in children, consistent with previous behavioral studies (Burgess et al., 2002; De Jong & Leseman, 2001; Levy, Gong, Hessels, Evans, & Jared, 2006; Niklas & Schneider, 2013; Schmitt, Simpson, & Friend, 2011; Sénéchal & LeFevre, 2002; Sénéchal et al., 1998) . Importantly, the HLE construct employed in this study was developed after careful review of the literature; however, there is currently no uniformly accepted measure of HLE, and issues related to content validity are still debatable. Several methodological concerns have been identified in previous studies, which address the inconsistent component factors of HLE, the various methods of collecting information on HLE, and whether to employ and narrow or broad definition of HLE (for discussion, please see Lonigan, 1994; Schmitt et al., 2011) . In the present study, our hybrid measure, which involved items from previous instruments, possessed excellent reliability and also factorial validity.
Several limitations of the present study must be taken into consideration. First, we obtained data on HLE for each subject through self-report provided by parents. Our comprehensive questionnaire allowed for a wide range of responses but may have been subject to exaggeration due to the influence of social desirability (Stanovich & West, 1989) . We assume, however, that any tendency to inflate HLE characteristics would be consistent across children. Second, although we propose that the observed group differences are biological in nature (e.g., the FHD+ are unable to take full advantage of the provided HLE), an alternative explanation would be that some of these children have parents with a reading disability or at least lower reading scores, and therefore, their HLE may not be as effective, especially in terms of quality of book reading. Although we did not observe significant differences in HLE between groups, we did not measure the quality of shared book reading. However, a review by Scarborough and Dobrich revealed that the quality of shared reading does not provide any added benefit over the quantity on language or literacy development (Scarborough & Dobrich, 1994) . We therefore think that any effect, if present, is most likely minimal. Third, our results must be considered in light of the homogenous socioeconomic background of our study participants. Examination of demographic data reveals a substantial representation of high-SES families, identified by self-report on factors such as income, education, occupation, and perceived social standing. This characteristic of our study population may also explain why we did not observe a correlation between HLE score and parent education. Future work should aim to assess the effects of HLE in a sample with widely varying socioeconomic demographics in an effort to include children exposed to both extremes of HLE. Fourth, due to the nature of this study, the correlations observed do not imply a causal link between HLE and brain activation. Future studies should aim to operationalize HLE variables in order to draw causal conclusions. Finally, our fMRI results are reported with an uncorrected threshold. This implies a significant risk of Type-I errors (Lieberman & Cunningham, 2009; Nichols & Hayasaka, 2003) . In the present study, an uncorrected threshold was employed since several studies have reported lower signal-to-noise ratios in young children, as well as differences in the shape and amplitude of the hemodynamic response function, which potentially can lead to decreased weighted parameter estimates, a problem that is currently not accounted for in standardized analysis packages (Jacobs et al., 2008; Richter & Richter, 2003; Thomason et al., 2005; Wilke et al., 2003) . Our reported fMRI clusters all lie within the reading network, and these areas were hypothesized to show a correlation with home literacy measures a priori. We therefore think that our results are valid, but that results need to be interpreted with caution.
Acknowledging these caveats, we conclude that early exposure to literacy materials, shared reading, and reading instruction in the home may interact with and/or contribute to underlying differences in the neural correlates of reading development, especially in children with genetic predisposition for DD compared to typically developing children. Cortical brain regions that demonstrate a relationship between HLE and brain activation include the left IFG, bilateral FG, and right STG. Genetic predisposition for dyslexia, however, may alter the relationship between HLE and brain activation during phonological processing, as certain brain regions show increased sensitivity to HLE only in FHD− children. Therefore, one could hypothesize that genetic contributions may either outweigh those of the environment at early stages of reading development or that there is a differential interaction between genetic contributions and environmental influences in children with a family history of dyslexia. However, the impact of HLE on brain activation at later stages of reading development remains unclear. Our results also provide evidence for compensatory brain networks in FHD+ children that demonstrate increased sensitivity to HLE. To our knowledge, this is the first neuroimaging study to examine the relationship between literacy exposure in the home and the neural correlates of phonological processing, a key component of early reading skill. This work highlights the need to consider HLE characteristics in future studies investigating reading development in general, brain characteristics of dyslexia, as well as the roles of the environment in cognitive/language development in children. This knowledge will broaden our understanding of how the environment shapes language development in order to provide children the greatest opportunity for success in reading.
